A 10% cross-reactivity rate is commonly cited between penicillins and cephalosporins. However, this figure originated from studies in the 1960s and 1970s which included first-generation cephalosporins with similar side-chains to penicillins. Cephalosporins were frequently contaminated by trace amount of penicillins at that time. The sidechain hypothesis for beta-lactam hypersensitivity is supported by abundant scientific evidence. Newer generations of cephalosporins possess side-chains that are dissimilar to those of penicillins, leading to low cross-reactivity. In the assessment of crossreactivity between penicillins and cephalosporins, one has to take into account the background betalactam hypersensitivity, which occurs in up to 10% of patients. Cross-reactivity based on skin testing or in-vitro test occurs in up to 50% and 69% of cases, respectively. Clinical reactivity and drug challenge test suggest an average cross-reactivity rate of only 4.3%. For third-and fourth-generation cephalosporins, the rate is probably less than 1%.
The implications are far-reaching as physicians often resort to expensive, broad-spectrum antibiotics, which may induce antibiotic resistance by selecting out resistant organisms. 10 In order to minimise unnecessary exposure to expensive broad-spectrum antibiotics with higher toxicities and to preserve patients' right to receive commonly prescribed antibiotics, a better understanding of BL crossreactivity is needed. In the following discussion, the author will review the use of cephalosporins in patients with immediate hypersensitivity to penicillins. Mechanism and epidemiology of crossreactivity will be discussed, followed by a suggestion for a pragmatic approach.
By definition, 'cross-reaction' between two substances is "the interaction of an antigen with an antibody formed against a different antigen with which the first antigen shares identical or closely related antigenic determinants". 11 Hence, antigenic similarity forms the basis of cross-reactivity. Public hospitals often suggest avoiding all cephalosporins indiscriminately for patients with penicillin REVIEW ARTICLE C M E a low cross-reactivity rate. Despite that, the medical community in Hong Kong remains unnecessarily skeptical. Use of cephalosporins in patients with penicillin hypersensitivity begins with detailed history and physical examination. Clinicians can choose a cephalosporin with a different side-chain. Skin test for penicillin is not predictive of cephalosporin hypersensitivity, while cephalosporin skin test is not sensitive. Drug provocation test by experienced personnel remains the best way to exclude or confirm the diagnosis of drug hypersensitivity and to find a safe alternative for future use. A personalised approach to cross-reactivity is advocated. hypersensitivity, as exemplified by a recent antibiotic guideline. 12 What remains unsettled is how far the BL nucleus also acts as a common antigenic determinant. In other words, does structural similarity in the drug nucleus translate into clinically relevant allergic reaction?
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Mechanism of beta-lactam hypersensitivity
The BL nucleus is probably the only structure common to penicillins and cephalosporins. What differentiates between them is that penicillins possess a 5-membered thiazolidine ring attached to the BL nucleus while cephalosporins have a 6-membered dihydrothiazine ring. Secondly, while penicillins have a single 6-positioned side-chain, cephalosporins have a 3-positioned as well as a 7-positioned side-chain. 3 When a BL antibiotic is absorbed into the body, the BL nucleus undergoes spontaneous opening. Covalent bonding between the drug and endogenous protein results in a hapten-protein conjugate. In case of penicillins, stable protein conjugates formed include penicilloyl (major) determinants and other minor determinants. 13 For cephalosporin, however, haptenic determinants are less clear. 14 Once inside the body, cephalosporins undergo rapid fragmentation of the BL nucleus and dihydrothiazine rings. The resulting unstable metabolites do not allow haptenisation of proteins. 15 In subjects with BL hypersensitivity, the hapten-protein conjugate has the capability to activate T-cells and the ensuing B-cell response. Specific immunoglobulin (Ig) E antibodies produced by B-cells become attached to the surface of effector cells such as mast cells and basophils. Subsequent exposure to the same drug induces formation of hapten-protein conjugates. Immediate hypersensitivity is the result of crosslinking of adjacent surface IgE molecules by the hapten-protein conjugates that culminates in rapid degranulation of preformed inflammatory mediators such as histamine and tryptase. 16 
Mechanism of cross-reactivity and the side-chain hypothesis
Early cephalosporins before 1980s were contaminated with trace amounts of penicillin during the manufacturing process by the cephalosporium mould. That partly accounted for the higher cross-reactivity rate between penicillins and first-generation cephalosporins. 14 Crossreactivity within penicillins is based on common antigenic determinants. Antibody binding against basic structures such as BL ring or penicilloyl frequently results in higher cross-reactivity rate. More complex motifs, such as side-chains found only in certain sub-groups, are associated with lower cross-reactivity. An in-vitro experiment has identified two types of T-cells responsible for penicillin hypersensitivity. The restricted type is immunologically reactive against a combined penicilloyl and side-chain structure but exhibits little cross-reactivity with penicillins with different side-chains such as amoxicillin or ampicillin. The broad type does react against different penicillins, but not against cephalosporins. 17 
Epitopes
(antibody-binding sites) on penicillin molecules may involve the BL nucleus, the thiazolidine ring, the side-chain or even the new antigenic determinant. Side-chain antigenic determinants account for 42% to 92% of the penicillin hypersensitivity. 18, 19 Epitopes on cephalosporin molecules are even more heterogeneous than penicillin, and involve the whole molecule.
20 R1 sidechain and BL fragment protein conjugates appear to be the major determinants of cephalosporin hypersensitivity.
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R2 side-chain makes little contribution to cephalosporin hypersensitivity, as it disappears when the BL ring is opened. 22 Human studies have provided insight into the role of similarity in the R1 side-chains in causing BL cross-reactivity. 15 For instance, the 2-amino-2-phenylacetic acid side-chain in ampicillin is also present in first-or second-generation cephalosporins like cephalexin and cefaclor, respectively, but is absent in third-or fourth-generation cephalosporins. Similarly, the same 2-amino-2-(4-hydroxyphenyl) acetic acid side-chain is present in amoxicillin and cefadroxil but not in new generations of cephalosporins. 16 In another study on selective amoxicillin hypersensitivity, Miranda et al 23 have shown that oral challenge with cephadroxil, a firstgeneration cephalosporin that shared the same sidechain mentioned above, resulted in a cross-reactivity of 38%. On the other hand, use of cefamandole, a second-generation cephalosporin with a different side-chain from amoxicillin and cephadroxil, did not result in any cross-reactivity. 23 Notwithstanding, other authors do not accord with the side-chain hypothesis. 24 Fine structure within the side-chain such as methylene group has also been suggested as an antigenic determinant common to penicillins and cephalosporins. 25 
Background and co-existing drug hypersensitivity
When dealing with potential cross-reactivity between penicillins and cephalosporins, one should take into account the background hypersensitivity rates in unselected population, which range between 0.7% and 10% for penicillins. 26 However, among patients with a history of penicillin allergy, only 10% to 20% exhibit positive allergic reaction to skin test or challenge test. 27, 28 A non-urticarial, maculopapular skin rash is the most common allergic reaction with a frequency of 1% to 2%. The frequency of anaphylaxis per penicillin course is 0.01% to 0.05%. 29 Similarly, background hypersensitivity rates for cephalosporins range between 1% and 10%, while anaphylaxis occurs in less than 0.02%. 30 In other words, patients with penicillin hypersensitivity may develop noncross-reacting allergic response to cephalosporins by coincidence. They are also at increased risk of non-BL hypersensitivity, with a reported rate of 16% to 23%. 31, 32 A caveat is that, as local prevalence data are lacking, epidemiological data can only be applied to the Hong Kong situation by extrapolation.
Cross-reactivity based on cephalosporin skin testing
Skin test is an in-vivo method used to diagnose IgE-mediated allergic response. Substantial crossreactivity in terms of skin testing exists between penicillins and first-generation cephalosporins. In the 1970s, Assem and Vickers 33 studied 24 patients with penicillin hypersensitivity of which 11 (46%) showed positive intradermal test to cephaloridine; however, this reaction was not observed in any of the patients without penicillin hypersensitivity. Dash 2 studied 100 patients with clinical reaction to penicillin and demonstrated positive cephalosporin skin test in 11 (11%) patients. However, seven (9.3%) of 75 control subjects without penicillin hypersensitivity also tested positive. In another study in the 1980s, Sullivan et al 34 recruited 74 patients with penicillin hypersensitivity confirmed by positive skin prick test (SPT). Of these, 38 (50%) also exhibited a positive SPT to cephalothin, another first-generation cephalosporin. 34 Audicana et al 35 studied 34 patients allergic to penicillin and found that five (14%) had positive skin test to cephalexin, a first-generation cephalosporin, but none to ceftazidime, a thirdgeneration cephalosporin. Romano et al 36 studied 128 adult subjects with a history of immediate penicillin hypersensitivity; positive cephalosporin skin test was observed in 11% of them. Of the 128 subjects, 101 (94 skin test negative and 7 skin test positive for cephalosporins) who accepted the challenge could tolerate oral cefuroxime axetil and intramuscular ceftriaxone. 36 Although controlled trial is not possible, the implication is that cephalosporins can be safely given to patients with a history of penicillin hypersensitivity but who have negative cephalosporin skin test.
Cross-reactivity based on in-vitro tests
Substantial in-vitro cross-reactivity also exists between penicillins and first-generation cephalosporins. In an early study in 1960s, Abraham et al 37 were able to demonstrate haemagglutination antibody against cephalothin (titre of 1:8 or greater) in 22 (69%) of 32 patients who had been given penicillin but denied a history of cephalothin therapy. A subsequent adsorption study using penicilloic acid-solid phase by Zhao et al 25 further identified cross-reacting specific IgE antibodies against both benzylpenicillin and cephalothin. Recently, Liu et al 38 employed radioallergosorbent test to identify specific IgE antibodies against penicillins and cephalosporins in 420 subjects with penicillin hypersensitivity; cross-reacting specific IgE antibodies occurred in 22.6% of the subjects. Specific cephalosporin IgE antibodies were present in 27.1% of those with specific penicillin IgE antibodies, compared with 14.6% in those without specific penicillin IgE antibodies. 38 However, in the absence of cross-linking, demonstration of antibodies cannot be equated with clinical reactivity. 
Clinical reaction to cephalosporins in patients with a history of penicillin hypersensitivity
As skin test and in-vitro test are often inadequate for confirmation of cephalosporin hypersensitivity, one has to rely on a provocation test or the result of drug exposure. In an early review of 701 patients with a history of penicillin hypersensitivity, Petz 39 reported an 8.1% reactivity rate to first-or secondgeneration cephalosporins, compared with 1.9% among those without penicillin hypersensitivity. In another cohort study in the 1980s by Solley et al, 40 178 patients with a history of penicillin allergy were given cephalosporins. Positive reaction resulted in two patients, equivalent to a clinical cross-reactivity rate of 1.1%. 40 Goodman et al 41 reviewed the medical records of 413 patients with a self-reported history of penicillin allergy who underwent anaesthetic procedures that included antibiotic therapy. Only one patient (0.24%) probably developed cross-reactivity to cephalexin, a first-generation cephalosporin. 41 Despite the retrospective nature and the lack of confirmatory tests, the low clinical cross-reactivity is reassuring.
Fonacier et al 42 reviewed 83 patients with penicillin hypersensitivity who were subsequently given cephalosporins. Seven (8.4%) of them developed an adverse drug reaction. A definite history of penicillin hypersensitivity was found in six (85.7%) of the seven patients. Eleven (13.3%) patients with penicillin hypersensitivity also reported hypersensitivity reaction to other drugs such as non-BL antibiotics and codeine. Regarding the types of cephalosporin, clinical cross-reactivity rates between penicillin and first-, second-, third-, and fourth-generation cephalosporins are 4.6%, 50%, 10.5% and 0%, respectively. Small sample size and potential recall bias undermine the reliability of the study. The role of side-chain is highlighted by a 4-fold increase in the cross-reactivity rate between penicillins and cephalosporins with similar aminobenzyl ring side-chain.
In a large prospective study by Atanasković-Marković et al 43 that included 644 children with a history of hypersensitivity reaction to penicillins, rate of cross-reactivity to cephalosporins was 31.5%. If the generations of cephalosporins were taken into account, the cross-reactivity rate with aminopenicillins differed by 100-fold, ranging from 0.3% to 0.7% in third-generation cephalosporins to around 32.4% to 38.5% in first-or second-generation cephalosporins, respectively. This, again, illustrates the relevance of side-chain in cross-reactivity. An interesting corollary is that, in patients with negative skin test to penicillins or cephalosporins, 0% to 1.8% of patients showed positive drug challenge to the test drug. Hence the false-negative rate of skin test is quite low. On the other hand, as patients with positive skin test were not further challenged with drugs to confirm clinical hypersensitivity, the truepositive rate cannot be ascertained.
A 15 reviewed nine studies that compared allergic reaction rate to cephalosporins in patients with or without penicillin allergy. Among 47 284 patients with a history of penicillin allergy alone, the odds ratio (OR) for cephalosporin cross-reactivity in general was 2.63 (95% CI, 2.11-3.28; P<0.00001). However, the increased cross-reactivity rate was mainly due to first-generation cephalosporins, as the corresponding ORs for first-, second-, and thirdgeneration cephalosporins were 4.79 (95% CI, 3.71-6.17; P<0.00001), 1.13 (95% CI, 0.61-2.12; P=0.70), and 0.45 (95% CI, 0.18-1.13; P=0.09), respectively. There was actually a trend towards decreased risk of cross-reactivity to third-generation cephalosporins, although the result did not reach statistical significance.
Clinical reaction to cephalosporins in patients with penicillin hypersensitivity confirmed by investigations
In a cohort study by Solley et al, 40 none of the 27 patients with a history of penicillin allergy and a positive penicillin skin test developed clinical reactivity to cephalosporins. On the contrary, two of the 151 patients with allergic history but negative penicillin skin test reacted to cephalosporins, putting to doubt the value of penicillin skin test in predicting cross-reactivity to cephalosporins. 40 In another small cohort study by Blanca et al, 45 19 patients with confirmed penicillin hypersensitivity were given parenteral cephamandole, a second-generation cephalosporin, followed by oral cephaloridine, a first-generation cephalosporin, if the former was tolerated. Two (10.5%) of the 19 patients crossreacted with cephamandole while all the remaining 17 patients tolerated cephaloridine.
Sastre et al 24 subjected 16 patients with selective amoxicillin hypersensitivity confirmed by skin test or drug challenge with cephadroxil, a first-generation cephalosporin. Two (12%) were found to be cross-reactors. 24 There is a lack of published reports on anaphylactic reaction to cephalosporins in children with a history of anaphylaxis to penicillins, and only a few such reports in adults have been published. 47 Macy and Burchette 48 studied 83 patients with a history of adverse reaction to penicillin confirmed by skin test. Post-skin test exposure to cephalosporins in 42 resulted in adverse reaction in one, amounting to 2.4% cross-reactivity rate. The corresponding figure for non-BL was eight (10.8%) out of 74, suggesting that in patients allergic to penicillin, cross-reactivity for non-BLs may be even higher than that for BLs. 48 This study and the one by Apter et al 32 have significant implications for practitioners who routinely employ non-BL antibiotics for patients with penicillin hypersensitivity. In a preoperative assessment clinic, Park et al 49 recruited 1072 patients with a history of BL allergy for penicillin skin testing. Among the 999 patients who underwent the skin test, 43 had a positive skin test for penicillin and three of those 43 eventually received cefazolin. None developed crossreactivity. 49 Ahmed et al 50 reviewed 173 children with a history of penicillin hypersensitivity, with or without a skin test, who underwent cephalosporin challenge. None among those with positive skin test showed reactivity. However, one (0.7%) of the 152 patients with negative skin test had an immediate allergic reaction after cephalexin, underscoring the lack of predictive power of the penicillin skin test. 50 In a meta-analysis by Pichichero There was a trend towards increased risk for firstgeneration cephalosporins, although the result did not reach statistical significance.
Studies on cephalosporin drug challenge in patients with a history of penicillin hypersensitivity have several inherent limitations. Firstly, retrospective studies are subjected to recall bias. Secondly, the so-called 'positive reaction' may include 'nocebo effects' , ie untoward effects after administration of an inert substance, which may occur in around 27% of subjects. 51 Thirdly, as most studies excluded patients with positive penicillin skin test, investigators had no way to tell whether these patients could actually tolerate cephalosporins. Lastly, most studies of cephalosporin challenge were performed in an open, uncontrolled manner. Patients with penicillin allergy who may have underlying multiple drug allergy syndrome will be missed in the absence of a control arm, such as non-BL group.
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Ten per cent cross-reactivity: an over-estimation
Review of published studies, as described above, shows that cross-reactivity between penicillins and cephalosporins, if restricted to clinical reaction or positive drug challenge, varies between 0% and 31.5% (Fig 1) . Among the 14 studies that included a total of 6464 patients with penicillin hypersensitivity, 279 showed clinical reactivity or positive challenge to cephalosporins, resulting in an average crossreactivity rate of 4.32%. Corresponding figures for patients with a history of penicillin allergy alone and those confirmed by investigations are 4.34% and 3.76%, respectively. Studies reporting rates higher than 10% are mainly those involving first-or secondgeneration cephalosporins, especially when in-vitro or skin tests were employed. It must be emphasised that although cross-reactivity is substantial with firstgeneration cephalosporins (up to 32%), it is less than 1% for third-and fourth-generation cephalosporins.
A probable reason for the low cross-reactivity stems from the fact that, despite having the same BL nucleus, penicillins and cephalosporins are immunologically different. If the BL nucleus is the common antigenic determinant, one should expect a very high cross-reactivity. However, this is not the case because the BL ring opens in the process of metabolism to form major or minor determinants. Secondly, newer generations of cephalosporin do not share similar side-chains with penicillins, hence cross-reactivity will, generally, not occur. Thirdly, among patients with alleged penicillin hypersensitivity, less than 10% show genuine hypersensitivity. The majority of cases may suffer from transient adverse reaction followed by subsequent tolerance to cephalosporins. 7 Despite current recognition of the low crossreactivity rate, international guidelines are not unanimous in their recommendations regarding the use of cephalosporins in patients with penicillin hypersensitivity. A recent practice parameter from a Joint Task Force in the United States stated that "most patients with a history of penicillin allergy tolerate cephalosporins". 10 If patients with positive penicillin skin test are given cephalosporins, around 2% may cross-react, including some with anaphylactic reactions. If a clinician chooses not to skin test a patient with a history of penicillin allergy but directly prescribe a cephalosporin, the chance of developing a reaction is probably less than 1%. In treating otitis media in children with penicillin allergy, the American Academy of Pediatrics simply suggested prescribing, rather than avoiding, either second-or third-generation cephalosporins. 53 Basing on dissimilarity in chemical structures, the Academy considered cross-reactivity between penicillin and second-or third-generation cephalosporins to be 'highly unlikely' .
A relatively conservative approach is adopted by the Infectious Diseases Society of America (IDSA). In the 2012 clinical practice guideline for bacterial rhinosinusitis, the IDSA recommended third-generation cephalosporins only for patients with non-type I penicillin allergy. Non-BL antibiotics were recommended for those with type I penicillin allergy. 54 Even more conservative is the British Medical Association; in the 2014 edition, the BNF advised against using cephalosporins in patients with penicillin hypersensitivity. Nevertheless, if no other alternatives are available, third-and fourthgeneration cephalosporins can be used, albeit with caution. 55 Skepticism still lingers within the medical community in Hong Kong. For instance, a recent public hospital antibiotic guideline does not differentiate between different generations of cephalosporins, but treats all cephalosporins as having the potential to cross-react with penicillins. 56 The IMPACT guideline in Hong Kong has aptly pointed out a deeprooted preoccupation with cross-reactivity among the medical profession. The guideline suggests that "second, third and fourth generation cephalosporins have negligible cross-reactivity with penicillin". However, it also raises a common concern that contra-indications indicated in product inserts have resulted in "medico-legal implications when using cephalosporins in patients with penicillin allergy". 57 This concern is understandable but unfounded, for two reasons. Firstly, a legal case appealed to the New Jersey Supreme Court in 1998 has come to the final decision that product inserts alone do not establish a standard of care. 3 Secondly, a review of the inserts shows that, rather than contra-indicating the use of cephalosporins, pharmaceutical companies only issue words of caution in patients with penicillin allergy. 58, 59 Pragmatic approach to crossreactivity For patients with suspected penicillin hypersensitivity, one should begin with careful history and physical examination to establish the likelihood of adverse drug reaction. Clinicians will not do justice by simply avoiding all cephalosporins in patients with so-called penicillin hypersensitivity. Injudicious use of non-BL antibiotics without precaution is falsely reassuring and will expose patients with allergic tendency to further drug hypersensitivity.
Allergological investigations should preferably be done 4 to 6 weeks after resolution of adverse drug reaction. 60 One should start from skin testing to confirm penicillin hypersensitivity. Ideally, skin test reagents should include penicilloyl polylysine (PPL) and minor determinant mixture (MDM). Unfortunately, the two major manufacturers, Allergopharma (Hamburg, Germany) and HollisterStier (Spokane, WA, US) ceased production of PPL and MDM in 2004. Although Diater (Madrid, Spain) has launched the production of PPL and MDM since 2003, the reagents have not gained widespread popularity in Hong Kong. 61 Besides, diagnosis of selective reaction to a single BL requires a long algorithm, which begins testing with PPL and MDM, followed by the culprit drug. 5 This may be tedious and time-consuming in daily clinical practice. For pragmatic purposes, it is often the culprit drug and/ or a potentially safe alternative that will be tested and prescribed. Non-irritating concentration of the culprit drug should be employed for skin testing. 62 Patients with negative penicillin skin test may undergo supervised drug provocation test (DPT) of the culprit drug. 3 The aim of DPT is to exclude or confirm the diagnosis of drug hypersensitivity and to find a safe alternative for future use. Drug provocation test generally has a high negative predictive value of 94% to 98%. A caveat is that anaphylactic reactions can still occur among a few cross-reacting patients. Hence, DPT must be performed by experienced personnel in a setting with resuscitation facilities. 60 Patients with remote or severe hypersensitivity may be re-tested 2 to 4 weeks later to exclude a small but possible risk of re-sensitisation after initial negative testing. Contra-indications to DPT include a history of severe cutaneous drug reactions (eg StevensJohnson syndrome or toxic epidermal necrolysis), severe anaphylaxis or certain medical conditions (eg uncontrolled asthma or pregnancy). 63 In the absence of severe or recent immediate penicillin hypersensitivity, patients may choose to receive penicillin directly without skin testing. 10 To further ensure drug safety, the first dose may be divided into incremental steps similar to DPT.
Patients who have a history of severe penicillin hypersensitivity, a positive penicillin skin test or DPT may resort to cephalosporins. However, a positive penicillin skin test does not predict cross-reactivity with cephalosporin. 30, 50 Clinicians may perform skin tests using a cephalosporin with a different side-chain to guide clinical use. 10 Unfortunately, the diagnostic accuracy of cephalosporin skin test is difficult to establish. 5 Studies generally have shown low sensitivity and positive predictive value. 64, 65 Nevertheless, skin test for BL hypersensitivity is still considered 'good' by the International Consensus in 2014. 60 Patients with negative cephalosporin skin test should pass a DPT before finally receiving a cephalosporin. Patients who fail the DPT may be given a non-BL antibiotic or undergo desensitisation, if the cephalosporin is essential. 60 A suggested algorithm for investigation and management of suspected immediate penicillin hypersensitivity is summarised in Figure 2 . 
Conclusion
The available evidence to date does not support the notion of a 10% cross-reactivity rate between penicillins and cephalosporins. Above all, 10% is an oversimplified and indiscriminate generalisation of cross-reactivity. Scientific evidence supports the side-chain hypothesis and a low cross-reactivity rate. Clinicians should adopt a personalised approach towards BL cross-reactivity. Finally, future research on the local prevalence of BL hypersensitivity and cross-reactivity is needed.
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